The complex cooperative behavior exhibited by wild chimpanzees generates considerable theoretical and empirical interest, yet we know very little about the mechanisms responsible for its evolution. Here, we investigate the influence of kinship on the cooperative behavior of male chimpanzees living in an unusually large community at Ngogo in Kibale National Park, Uganda. Using long-term field observations and molecular genetic techniques to identify kin relations between individuals, we show that male chimpanzees clearly prefer to affiliate and cooperate with their maternal brothers in several behavioral contexts. Despite these results, additional analyses reveal that the impact of kinship is limited; paternal brothers do not selectively affiliate and cooperate, probably because they cannot be reliably recognized, and the majority of highly affiliative and cooperative dyads are actually unrelated or distantly related. These findings add to a growing body of research that indicates that animals cooperate with each other to obtain both direct and indirect fitness benefits and that complex cooperation can occur between kin and nonkin alike.
Pan troglodytes ͉ genotyping ͉ kin recognition ͉ microsatellites ͉ relatedness T he evolution of cooperation, among both human and nonhuman animals, remains one of the most important, unresolved questions in science (1) (2) (3) . Male chimpanzee cooperation, which includes behaviors such as coalitionary aggression, hunting, sharing meat, and defending territories against males of other groups, has few parallels in the animal kingdom (4, 5) . Because males typically compete for females, a resource that cannot be readily divided and shared, the complex and varied forms of male chimpanzee cooperation create a challenging puzzle that is not easily explained (5) .
Cooperation in primates and other animals has frequently been attributed to kin selection, a process whereby individuals cooperate with relatives and gain indirect fitness benefits through the reproduction of kin (6) (7) (8) (9) . For example, in many Old World cercopithecine monkey species, females remain in their natal groups their entire lives and behave nepotistically toward their sisters and other maternal relatives, whereas males disperse among groups and cooperate less with each other (10) . In contrast, male chimpanzees are philopatric and are much more affiliative and cooperative than female chimpanzees (11) . Given these observations, it is not surprising that kin selection has historically been assumed to play a central role in the evolution of male chimpanzee cooperation (12, 13) . Nevertheless, studies to date do not provide any evidence that male chimpanzees bias their social behavior toward maternal brothers (14) (15) (16) , who should be readily recognizable by virtue of the life-long bonds they form with shared mothers (13) .
Recent research shows that, in addition to the possibility of gaining indirect fitness benefits by cooperating with relatives, chimpanzees (16) (17) (18) and other animals may also gain substantial direct fitness benefits, increasing their own personal reproduction, by cooperating with unrelated individuals (1) (2) (3) 19) . There are several ways an individual can gain direct fitness benefits through cooperation (2, 19) . Two well known mechanisms are mutualism, which occurs when individuals derive immediate net fitness benefits by cooperating, and reciprocity, which takes place when one individual incurs a short-term cost from a cooperative act, but is repaid by the beneficiary at a later date (2) . These processes may explain why male chimpanzees that are similar in age and dominance rank show high levels of affiliation and cooperation (16) . Such individuals are likely to be familiar with one another, share similar social interests throughout their lives, and have similar access to resources and abilities to exchange them (16) . Further observations indicate that, in captivity, unrelated chimpanzees engage in reciprocal bouts of grooming and trade grooming for food (18) . Thus, direct rather than indirect fitness benefits may be the driving force behind chimpanzee cooperation.
To evaluate the direct and indirect fitness benefits derived by male chimpanzees who cooperate, we require information regarding the genetic relationships of these individuals. Such relationships, however, remain largely unresolved because previous studies have been limited to genetic data from mtDNA (14) (15) (16) . These data are likely to furnish imprecise estimates of relatedness, because dyads that share mtDNA haplotypes can either be distant maternal relatives, e.g., first cousins, or more closely related, e.g., brothers. Furthermore, the finding that male chimpanzees bias their behavior toward age mates raises the possibility that they may be favoring paternal brothers. This could result if one or only a few males reproduce at any given time, so that age mates frequently have the same father (20) . Such a scenario has been invoked to explain recent findings in rhesus macaques and baboons, where females affiliate more with their paternal sisters than they do with unrelated individuals (21) (22) (23) (24) . In sum, assessing the role of direct and indirect benefits in male chimpanzee cooperation requires information on both maternal and paternal sibling relationships.
We addressed this topic through a long-term study of wild chimpanzees at Ngogo, Kibale National Park, Uganda. We ascertained kin relationships among chimpanzees in the Ngogo community by genotyping 44 autosomal, 13 X-linked, and 13 Y-linked microsatellite loci and sequencing the first hypervariable region of the mtDNA of 142 individuals. Despite recent research showing that it is difficult to determine sibships in natural populations by using only autosomal microsatellite genotypes (25), we were able to establish maternal and paternal sibships with confidence because of the large number of loci used and the inclusion of three other types of markers with unique sex-specific inheritance patterns [see supporting information (SI) for details].
We followed individually identified adolescent and adult male chimpanzees to determine which dyads selectively affiliated and cooperated in the context of six social behaviors: associations, grooming, proximity maintenance, coalition formation, meat sharing, and joint participation in territorial boundary patrols. The unusually large size of the Ngogo chimpanzee community, with Ϸ150 individuals, including 12 maternal and 25 paternal sibling dyads among the 36-41 adolescent and adult males alive during the study period, permitted us to conduct robust tests of the effects of maternal and paternal sibship on male social behavior.
Results and Discussion
We found that male chimpanzees preferentially affiliated and cooperated with their maternal brothers (Fig. 1a) . Resampling tests indicated that maternal brothers performed each of the six social behaviors significantly more often than did unrelated and distantly related dyads. These results held even when controlling for similarity in age and rank (restricted randomization twofactor ANOVAs (26); all 12 P values were less than sequential Bonferroni criteria). Thus, although male chimpanzees presumably achieve direct fitness benefits by forming mutualistic and reciprocal relationships with others (16-18), our results show that they are also likely to obtain indirect fitness benefits by selectively affiliating and cooperating with their maternal brothers.
We also found that mtDNA haplotype sharing is a poor indicator of maternal sibship. Only 12 of 73 (16%) dyads that shared mtDNA haplotypes were confirmed as maternal brothers by using our approach combining multiple genetic systems. These data explain why prior research found that mtDNA haplotype sharing is a weak predictor of male chimpanzee social behavior (14) (15) (16) .
In contrast to maternal brothers, paternal brothers did not engage in any of the six social behaviors more frequently than did unrelated and distantly related dyads (Fig. 1b) . Although maternal brothers showed positive values, indicating clear biases in their behavior, both paternal brothers and unrelated and distantly related dyads consistently displayed negative mean observed/expected ratios for each of the six behaviors.
Chimpanzee paternal brothers are as closely related to each other as are maternal siblings, and it is unclear why pairs of the former fail to affiliate and cooperate like the latter. One possibility is that maternal brothers are much more abundant than paternal brothers and that, because individuals are necessarily constrained in the total number of close social relationships they can form, a bond with a maternal brother leaves an individual unavailable for interactions with a paternal brother (23, 24) . However, the number of individuals who had paternal siblings but did not have any maternal siblings was higher among the Ngogo males (11 of 21 ϭ 52%) than among females in the primate populations where paternal sibling nepotism has been documented (Cayo Santiago rhesus macaques: 8 of 51 ϭ 15.7% A. Widdig, personal communication; Amboseli baboons: 17 of 41 ϭ 41.5% S. C. Alberts and J. Altmann, personal communication). Furthermore, at Ngogo, dyads of paternal brothers where one or both of the individuals lacked a maternal brother did not affiliate or cooperate more frequently than unrelated and distantly related dyads (Resampling test: P Ͼ sequential Bonferroni criteria for associations and patrolling, the only two social behaviors for which sufficient data were available for all four paternal sibling dyads where one or both individuals of the dyad lacked a maternal sibling). Thus, demographic factors cannot account for the lack of nepotism among paternal brothers at Ngogo.
A second potential explanation is that male chimpanzees do not preferentially cooperate with their paternal brothers because they cannot reliably recognize them. Phenotype matching and familiarity because of age proximity are two mechanisms that primates can use to recognize their paternal siblings (27) . In phenotype matching, individuals compare the phenotypic cues (such as odor) of others with the phenotypes of themselves or their known relatives to determine their kin relations. Studies conducted in captivity and in the wild have produced contradictory, but mainly negative, results regarding the ability of primates to use phenotype matching to identify paternal relatives (10, (21) (22) (23) (24) (28) (29) (30) (31) . One study of rhesus monkeys has implicated phenotype matching by showing among members of the same age cohort, paternal sisters interacted slightly, but statistically significantly, more than did unrelated individuals in two of five social behaviors (22) . Females in the same population, however, preferred to interact with their maternal sisters at rates well above chance in all five behaviors (22) . Further research will be necessary to determine whether these results represent type I error, as has recently been shown to be the case in baboons. Although one study of baboons reported a weak phenotype matching effect (23), it has not been replicated in subsequent research using a much larger sample of females (24) .
Similarly, whether age proximity can be used to identify paternal siblings remains unclear (Table 1 ). In the three primate populations where paternal sibling nepotism has been studied (rhesus macaques at Cayo Santiago, baboons at Amboseli, and chimpanzees at Ngogo), the majority of similarly aged dyads do not consist of paternal siblings (Table 1 , second row). Age proximity may not be a reliable cue for paternal sibship in these populations because male reproductive skew at any given time is not extreme, and males produce offspring throughout their entire adult life rather than only during a narrow time window (32) (33) (34) (35) (36) . At Ngogo, patterns of male reproduction result in a situation where members of different age cohorts are as closely related to each other as individuals of the same age cohort (Fig.  2) . Additional studies are necessary to evaluate whether the patterns shown by the Cayo Santiago rhesus macaques, Amboseli baboons, and Ngogo chimpanzees are typical of these and other primate species.
Taken together, these results suggest that primates may affiliate and cooperate with members of the same age cohort to obtain direct, rather than indirect, fitness benefits. Although rhesus macaque and baboon females bias their behavior significantly more to their paternal sisters than to nonrelatives, such biases are not nearly as strong as those displayed toward maternal sisters (21) (22) (23) (24) . This point, our finding that male chimpanzees do not preferentially interact with their paternal brothers, and the lack of a reliable paternal sibling identification mechanism in primates suggest that paternal kin effects may arise as a byproduct of individuals maximizing their own fitness by cooperating with age mates, who only sometimes happen to be paternal siblings.
Although prior studies of nepotism in monkeys may have underestimated the direct fitness benefits obtained by animals, our data show that male chimpanzees cooperate to obtain direct, as well as indirect, benefits. We determined the number of male pairs that performed each of the six behaviors at levels above chance expectation. For each of the six behaviors, there were many more pairs of males that cooperated above chance expectation than there were closely related pairs. Because of this, individuals that affiliated and cooperated at levels exceeding chance were more likely to be unrelated or distantly related than they were to be closely related (Fig. 3) . Furthermore, the mean genetic relatedness between individuals who engaged in behaviors more often than expected by chance did not exceed that of dyads who displayed the behaviors less often (Fig. 4) . Collectively, these results show that most affiliative and cooperative behavior between males at Ngogo can be explained by individuals striving to maximize their direct rather than their indirect fitness.
In sum, male chimpanzees show clear and consistent biases in their social behavior toward maternal brothers, confirming the importance of maternal kinship in structuring patterns of behavior in a primate species where males rather than females routinely spend their lives in their natal group. But although kinship is important, its impact is not widespread; paternal brothers do not preferentially interact, and males in the majority of highly affiliative and cooperative dyads are unrelated or distantly related. These results add to a growing body of research indicating that direct as well as indirect fitness benefits are important in explaining cooperation among animals (18, 19) .
Materials and Methods
Detailed descriptions of laboratory methods and analytical procedures for identifying maternal and paternal siblings are provided in SI. Members of the same age cohort have an age difference of Ͻ5 years in chimpanzees, 6 months in rhesus, and 1 year in baboons. Baboon data are from S. Alberts and J. Altmann, personal communication; rhesus data are from A. Widdig, personal communication. Behavioral Observations. Adolescent and adult male chimpanzees were observed by J.C.M. at the Ngogo study site (37) for a total of 20 months between 1999 and 2005. Observations of social behavior were conducted during hour-long samples of target males. During each observation period, scan samples were made at 10-min intervals to record which individuals were in proximity (Յ5 min) or grooming (either giving or receiving) with the target. Associations between male subjects were recorded on a daily basis. Male participation in coalitions, meat-sharing, and boundary patrols was recorded ad libitum. Coalitions (n ϭ 753) between two males were defined to occur whenever they directed aggression together toward others (16) . Meat sharing (n ϭ 421) was recorded during hunting episodes of mammalian prey (38) . We also recorded adult male participation in territorial boundary patrols (n ϭ 93) (39) . Analyses of social behavior were based on 5,025 h of observations (median ϭ 139 h, n ϭ 41 males). Thirty-two males were present during the entire 7 years of study. Nine other males were included in observations after they matured and reached adolescence.
Assessing Age and Rank Similarity of Dyads. We used standard morphological and behavioral criteria (13) to estimate the ages of individuals and classify dyads as belonging to the same (Յ5 years age difference) or different (Ͼ5 years age difference) age categories. As most of the adolescent and adult males were born before study of the Ngogo chimpanzees began in 1995, many of their exact ages are unknown. Therefore, to determine how confident we could be in assigning dyads to either the same or a different age category, we assigned each individual a minimum and maximum possible age. For each dyad we examined the overlap in each of their age ranges, and found that we could confidently assign a dyad to the same or different age category a majority of times (592 of 820 dyads ϭ 72%).
To assess the dominance rank similarity of dyads, we recorded the direction of pant grunts, a formal signal of submission given by low ranking individuals to high ranking animals (40, 41) . We then used Version 1.0 of the MatMan software package (42) to assign dominance ranks to males in each of the 7 years of study. MatMan evaluates the linearity of a dominance hierarchy based on Landau's index (43) and implements an iterative procedure to rank individuals in a way to minimize the number and strength of inconsistencies between them (44, 45) . We used yearly ranks to compute an average rank for each male over the seven-year study period and then ordered these average ranks from highest to lowest. We split this ordered list into thirds, classifying males as high-, medium-, or low-ranking. The rank similarity of male pairs was assessed by using these categories.
Statistical Analyses. To assay whether individuals preferentially associate, maintain proximity, groom, form coalitions, share meat, and patrol their territory, we computed pairwise affinity indices between male dyads for each of these six social behaviors. Numerically this index is:
where I ab is the number of appearances of a and b together, a i is the number of appearances of a, b i is the number of appearances of b, and s i is the size of group i. A particularly useful feature of this index is that it factors out each individual's general tendency to interact. As a result, it reflects only the interaction intensity that is specific to a particular dyad, rather than being generic to either individual's behavior (46) . Before using these observed indices, we normalized them by dividing by their expected values under the null hypothesis that social behaviors were generic rather than dyad-specific. We produced these expected values using a randomization technique. This procedure repeatedly reshuffled the membership of observed groups while retaining both the observed number of appearances of each individual and the observed distribution of group sizes. After each randomization, the pairwise affinity index was calculated for each dyad, and these randomized values were averaged to generate an expected value for each dyad. We performed 10,000 randomizations to generate null expectations. We log transformed the observed/expected ratios to ensure that dyadic interactions above and below expected levels would have equal weight. To avoid undefined values resulting from observed or expected values of zero, we truncated the range of the log transformed values to Ϫ2 Յ x Յ 2, corresponding to a floor of 0.01 and a ceiling of 100 for observed/expected ratios.
We conducted a series of pairwise comparisons to examine whether categories of genetic relationships affected patterns of male social behavior. We first calculated the mean log transformed observed/expected ratios of pairwise affinity indices for the maternal sibling, paternal sibling, and unrelated dyads. Because some of the younger males in our sample attained adolescence during the study period, we did not have sufficient data to characterize the pairwise affinity for all of the 820 possible dyads involving the 41 adolescent and adult males in our sample. For the most frequently observed social behaviors, association and patrolling, we calculated means using all 12 maternal sibling dyads, all 25 paternal sibling dyads, and 716 of 770 unrelated dyads. For the other four less-frequently observed social behaviors, we calculated means using 11 of 12 maternal sibling dyads, 18 of 25 paternal sibling dyads, and 460 of 770 unrelated dyads. The eight dyads involving RI and TY with BF, CT, DO, and WB were among those excluded when calculating the mean for the unrelated dyads for both sets of social behaviors, as we could not conclusively determine whether these dyads were paternal siblings or unrelated (see SI).
We computed the mean values of maternal siblings, paternal siblings, and unrelated dyads, using the difference between the means of related and unrelated dyads as test statistics. We evaluated test statistics relative to an expected frequency distribution generated by resampling the values in the original data. To produce these expected distributions, we re-shuffled pairwise affinity indices into the two categories of interest, maternal or paternal sibling dyads and unrelated pairs. Each resampled category included the same number of observations as there were in the original data. We computed the means of both categories in the resampled data and used the difference between these two values as a single data point. We repeated this process 10,000 times to produce an expected frequency distribution. We compared test statistics to these expected distribu- tions to evaluate the null hypothesis that siblings did not show greater social affinity with each other than did individuals in unrelated dyads.
We used the resampling procedure to conduct four families of statistical tests comparing (i) maternal half-siblings to unrelated dyads, (ii) paternal half-siblings to unrelated dyads, (iii) maternal siblings to unrelated dyads controlling for age similarity, and (iv) maternal siblings to unrelated dyads controlling for rank similarity. The third and fourth families of tests were conducted through restricted randomization two-factor ANOVAs (26) . This procedure is similar to that described above, but when creating the expected distribution through the reshuffling of pairwise affinity indices between maternal sibling and unrelated dyads, values were reshuffled in the same age or rank similarity category.
To determine the extent to which indirect and direct benefits influence patterns of affiliation and cooperation among male chimpanzees, we examined the number of related and unrelated pairs that engaged in each of the six social behaviors more than expected by chance. For each of the six social behaviors, we first calculated the top 2.5% of the distributions generated by group randomization to identify dyads that performed that behavior more frequently than chance expectation. We then computed the percentage of these dyads that were closely related (i.e., maternal siblings, paternal siblings, father-son pairs) and unrelated and distantly related. We then used a resampling procedure to test whether these percentages deviated significantly from 50/50. We also used the autosomal loci to calculate the mean genetic relatedness (47) between dyads that performed each of the six behaviors more frequently than chance expectation and between dyads that did not. We used the resampling approach described above to test whether these mean values differed. We used this same procedure to compare the mean genetic relatedness among dyads belonging to the same and different age cohorts. Because chimpanzees can presumably readily identify their maternal siblings (13), we excluded the 12 maternal sibling dyads from this analysis.
Each family of tests included six comparisons, involving associations, grooming, proximity, coalitions, meat sharing, and patrols. When making these multiple comparisons, we adjusted ␣ levels with the sequential Bonferroni technique to correct for the increased probability of committing type I error (48) .
